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Abstract

Vitrification is a method of cryopreservation that freezes samples rapidly, while forming an amorphous solid
(““glass”), typically in small (uL) volumes. The goal of this project was to create, by three-dimensional (3D) printing,
open vitrification devices based on an elliptical loop that could be efficiently used and stored. Vitrification efforts can
benefit from the application of 3D printing, and to begin integration of this technology, we addressed four main
variables: thermoplastic filament type, loop length, loop height, and method of loading. Our objectives were to: (1)
design vitrification loops with varied dimensions; (2) print prototype loops for testing; (3) evaluate loading methods
for the devices; and (4) classify vitrification responses to multiple device configurations. The various configurations
were designed digitally using 3D CAD (Computer Aided Design) software, and prototype devices were produced
with MakerBot® 3D printers. The thermoplastic filaments used to produce devices were acrylonitrile butadiene
styrene (ABS) and polylactic acid (PLA). Vitrification devices were characterized by the film volumes formed with
different methods of loading (pipetting or submersion). Frozen films were classified to determine vitrification quality:
zero (opaque, or abundant crystalline ice formation); one (translucent, or partial vitrification), or two (transparent, or
substantial vitrification, glass). A published vitrification solution was used to conduct experiments. Loading by
pipetting formed frozen films more reliably than by submersion, but submersion yielded fewer filling problems and
was more rapid. The loop designs that yielded the highest levels of vitrification enabled rapid transfer of heat, and
most often were characterized as being longer and consisting of fewer layers (height). 3D printing can assist
standardization of vitrification methods and research, yet can also provide the ability to quickly design and fabricate
custom devices when needed.
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Introduction its simplicity, vitrification can be performed in remote loca-
tions with minimal instrumentation requirements.'
The ability to work in diverse settings, including fieldwork,

INNOVATION FOLLOWED BY customization and standardi-
is crucial to efforts for conservation of endangered species,

zation is necessary for aquatic species to advance in in-

ternationally practiced fields such as cryopreservation.
Conventional cryopreservation relies on a relatively slow
formation of crystalline ice (‘“‘equilibrium freezing’’), while
vitrification rapidly releases heat to form an amorphous solid
(glass).' Vitrification typically exposes samples to liquid ni-
trogen, providing a rapid and efficient method of cryo-
preservation. Sample integrity is preserved against cryogenic
temperatures by the addition of concentrated vitrification so-
lutions, in balance with their potential toxicity to cells or tis-
sues.” Desirable chemicals for use in vitrification solutions
possess properties promoting glass formation, and because of

and vitrification offers an effective way to freeze and store
samples for laboratory use with aquatic biomedical models.
Despite this, vitrification is underutilized in aquatic species
due to the dearth of suitable devices. Available devices often
lack essential features such as appropriate sizing, ease of
handling, and affordability for new applications such as
freezing of fish gametes or embryos.> The lack of suitable
vitrification devices has constrained research to being per-
formed with devices made for other purposes, such as inoc-
ulation loops used in microbiology” or plastic strips used for
human embryos.® Three-dimensional (3D) printing may be a

'St. Michael the Archangel High School, Baton Rouge, Louisiana.

2Aquatic Germplasm and Genetic Resources Center, School of Renewable Natural Resources, Louisiana State University Agricultural

Center, Baton Rouge, Louisiana.

252



3D PRINTED VITRIFICATION DEVICES

* 13250

253

398] J

I 2 —

200

LTS | I

| —

FIG. 1.

Examples of schematic diagrams used to design 3D printed vitrification loop prototypes. Widths of all loops were

the same, but the length of the loops (at the end of the handles) varied between 23.5 mm (Long; fop) and 15 mm (Short;

bottom). 3D, three dimensional.

practical method to address the lack of viable vitrification
devices, by fabrication of devices specifically designed for
vitrification in aquatic species.

3D printing technology is just beginning to be applied to
cryopreservation,® and as such the experiments in this study
addressed essential nonbiological aspects of materials, design,
fabrication, and testing of prototype configurations (loops),
and did not involve gametes. A published vitrification solution
was used to examine the feasibility of using 3D printed loops
to produce vitrification. Acr;llonitrile butadiene styrene (ABS)
and polylactic acid (PLA)" are the most common thermo-
plastic filament materials, and most 3D printers currently
available are compatible with them. They can withstand the
extreme temperature changes associated with liquid nitrogen
exposure, and thus were the logical choices for this work.

For extrusion, the thermoplastic filament is guided into the
3D printer head and heated to a molten state. The mobile
printer head ejects the molten filament onto a build platform at
a controlled rate. The filament is stacked in thin layers and
hardens to produce designs exported from 3D CAD (Computer
Aided Design) software. Engineering of devices for specified
applications requires tradeoffs, a system of balancing un-
wanted with desired qualities. We chose to evaluate 3D printed
devices that were constrained in size to fit within the dimen-
sions of a standard cryopreservation container, the 0.5-mL
French straw (IMV Technologies, Paris, France). Thus, this
work was focused on design, fabrication, and feasibility testing
of 3D printed loops for the first time for vitrification.

Given that the goal of this project was to create custom 3D
printed open vitrification devices that could be efficiently used
and stored, our objectives were to (1) design prototype vitrifi-
cation loops with varied dimensions; (2) print prototype loops
for testing; (3) evaluate loading method for the devices; and (4)
classify vitrification responses to multiple device configura-
tions. Relatively long and thin loops proved to be most effective
to produce glass when using vitrification solution in volumes of
1 to 19 uL. The prototype loops and methods used in this study
offer a path to standardization for cryopreservation of aquatic
species by utilizing the increasingly widespread availability
and reproducibility of 3D printing.

Materials and Methods

Design of prototype vitrification loops
with varied dimensions

Our design criteria were to create (1) devices with di-
mensions that fit within those of a 0.5-mL French straw; (2)
varied loop dimensions to hold a range of film volumes; and
(3) triangular handles to facilitate processing and storage.
Although these prototype devices were of the same total
lengths, handle lengths were varied to allow for differences in
loop length (Fig. 1).

Initially, a wide variety of early prototype test devices
were digitally designed with various loop dimensions by use
of commercially available 3D CAD software (Autodesk In-
ventor® professional 2016—student edition, San Rafael,
CA). The basic design was an elliptical loop at the end of a
handle. Eventually, a series based on a total of 18 different
loop configurations was selected for further study, with a total
lIength of each device (handle and loop) set at 132.5 mm. The
loops were designed as ellipses with a width of 2 mm (outer
dimension). Loop configurations comprised three nominal
lengths (short, 15mm; intermediate, 19 mm; and long,
23.5 mm) (Fig. 2), and six nominal heights (0.2, 0.4, 0.6, 0.8,
1, and 1.2 mm) produced by printing of 1-6 layers (0.15-
0.2 mm/layer).

Printing of prototype loops for testing

The types of thermoplastic filament materials used to produce
the prototype loops were ABS and PLA (Makerbot Industries,
Brooklyn, NY) and are available at a cost of about $20-48 per
kg. The spools of filament (1.75 mm diameter) were stored in a
63-L plastic bin with a latched lid (Hefty, 7105HFT-10-111-44,
Macedon, NY) with desiccant (DampRid, FGO1K, Mem-
phis, TN) to minimize humidity. Two MakerBot® 3D printers

FIG. 2. The loop configurations consisted of one to six
layers (nominal 0.2 mm/layer) and three loop lengths
(short—15 mm, intermediate—19 mm, and long—
23.5mm). Top view: short, intermediate, and long loops
(ABS). Side view: long loops printed with 6, 3, or 1 layer. A
reference line was used to assist visualization of the side
view of the single-layer loop (bottom). ABS, acrylonitrile
butadiene styrene.
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(Replicator 2—PLA filament printer, and Replicator 2X—
ABS filament printer, New York, NY) were used to produce a
total of 72 prototype loops, by printing two replicates of each
configuration (3 lengths X 6 heights X 2 thermoplastics). The
print time for each device was roughly 3 min, as loop con-
figurations slightly affected print times (1-2 s/layer). The rate
of failure to print two replicates of each device was calcu-
lated by dividing the number of failed prints by the total
number of prints [No. of failed prints(x)/total number of
prints]. To further regulate humidity levels, a dehumidifier
(Haier, DE45EM-L, Qingdao, China) was constantly op-
erated inside the room where the 3D printers were located.
The room used for printing was held at a humidity level
between 45% and 55% and the temperature ranged between
22°C and 26°C.

A slicer software (MakerBot Desktop 3.10) was used to
import STL (STereoLithography) files of prototype loop de-
signs and control the settings of the printers. Printer settings
were adjusted to extrude at 150 mm per sec and retract at
25 mm per sec, with a layer height of 0.20- and 0.48-mm layer
width. Both MakerBot printers used an enclosed-fan printing
head with a 0.4-mm brass nozzle at 230°C. The printers laid
filament onto glass build plates covered with 72-mm wide
(nominal 3-inch) blue painter’s tape (Scotch™, 2090-72A, St.
Paul, MN) with a 25% infill in a hexagonal pattern. The Re-
plicator 2X (ABS) used a heated build plate set at 110°C,
while the Replicator 2 used an unheated build plate. The mass
of individual devices across the configurations printed for
testing averaged ~0.55g for PLA and ~0.45g for ABS,
yielding a material cost of ~$0.0125 each and cost of around
$0.0008 per uL of sample (based on use of a 15-ul device).

Evaluation of loading methods

Characteristics of the two loading methods (pipetting and
submerging) were evaluated with two solutions (deionized
water and vitrification solution) and multiple loop configura-
tions. The configurations included filament type (ABS or
PLA), loop length (short, intermediate, and long), nominal
layer height (0.2, 0.6, and 1.2mm), and loading method.
Minimum and maximum capacities (volumes) of loops were
calculated with deionized water and vitrification solution.
Minimum volumes by pipetting were recorded as the minimal
required volume to form a stable film within a loop. Maximum
volumes by pipetting were identified as when liquid film levels
aligned flush with the top and bottom layers of the loops.
Volumes of loaded films were measured by the difference in
mass before and after prototype loops were submerged into
deionized water or vitrification solution. An analytical balance
(Mettler, AE 166, Columbus, OH) was used to determine the
mass (mg) of each film. The recorded masses were converted
into volumes in uL using the relationship between mass and
volume of deionized water (1:1 at 4°C, corrected for testing at
24°C). Known volumes of vitrification solution were com-
pared to equivalent volumes of deionized water to yield a
relationship for conversion (volumes to masses) between
deionized water and vitrification solution.

Classification of vitrification quality

The vitrification solution chosen was published previously”
for vitrification of fish sperm (20% 1,2-propanediol +20% 2-
methoxyethanol +20% HBSS300+40% methanol). Hanks’
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balanced salt solution at an osmolality of 300 mOsmol/kg was
used as a diluent (HBSS300: 0.137M NaCl, 54mM KClI,
1.3 mM CaCl,, 1.0 mM MgSO,, 0.25 mM Na,HPO,, 0.44 mM
KH,PO4, 4.2 mM NaHCOs3, and 5.55 mM glucose, pH 7.2). All
solutions were stored at 4°C between testing, and were thor-
oughly mixed before each use.

Classifications of vitrification quality were assigned to
frozen films formed with vitrification solution by each
loading method. Only the maximum and minimum volumes
required to form films were pipetted into the sampled range of
vitrification devices; however, all loop configurations were
tested by submersion. A limited range of configurations was
loaded by pipetting because of the extended time it took to
employ this method. Thus, we formed two film classifications
for the minimum and maximum volumes loaded by pipetting,
to match the four assessments loaded by submersion.

Two people (assessor and recorder) were used to assign
classifications and record thaw times. The assessor removed a
vitrification loop from liquid nitrogen and said “‘start,” which
informed the recorder to start a timer. The assessor then
voiced the classification and the recorder monitored the time
to ensure all assessments were made within 2.5 s. The assessor
observed the film until thawing and voiced *‘stop” to inform
the recorder to stop the timer. The recorder documented the
loop configuration, vitrification classification, time to assess,
and thaw time. The maximum time to assess a sample was set
at 2.5 s to ensure accurate classifications before thawing. This
required a trained assessor® with experience in handling the
devices and classification of the test solutions. A walk-in re-
frigerated room held at 4°C-7°C with 65%-70% relative
humidity was used to assess the samples.

Vitrification quality was measured by the degree of film
clarity determined by viewing parallel horizontal lines
through frozen films (Fig. 3). A 3D printed pedestal was
used for a visual method of classifying vitrification quality.®
Loaded loops containing films were plunged vertically into
liquid nitrogen and held stationary until all bubbling stop-
ped. After the films were frozen, the entire device was stored
in liquid nitrogen for at least 1 h. Frozen films were assigned
a classification number: zero (opaque, or abundant crystal-
line ice formation); one (translucent, or partial vitrification),
or two (transparent, or substantial vitrification, glass).
“Film fractures” were recorded when visible cracks dis-
abled the ability to properly assign a numerical classifica-
tion; however, partial vitrification could be present between
the cracks. “‘Film failures’” were recorded when films were
disrupted during the freezing process, and sometimes, re-
sidual sample was observed at the ends of the loops (Fig. 3).
An additional relevant concept was identified as a ““filling
failure,” which occurred when initially loading a loop, be-
fore freezing, but this was recorded as a component of the
time required to fill the loops and was not isolated as a data
category.

Statistical analysis

All statistical tests were performed with SAS 9.4 (SAS
Institute, Inc., Cary, NC). Percentage data were arcsine,
square-root transformed before statistical analyses. Differ-
ences were considered significant at p<0.05 for print fail-
ures. A three-factor analysis of variance (ANOVA, Proc
Glimmix) was used to compare the effects of filament type
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FIG. 3. Representative im-

ages of frozen films in proto-

type loops (Long, PLA) to
illustrate the assessment clas-
sifications.® Frozen films were
assigned a classification num-
ber: zero (opaque, or abundant
crystalline ice formation); one
(translucent, or partial vitrifi-
cation); or two (transparent, or
substantial vitrification, glass).
“Film fractures’® were re-
corded when visible cracks
disabled the ability to properly

assign a numerical classifica-

tion. “‘Film failures’” were

recorded when films were
disrupted during the freezing
process, and sometimes re-
sidual sample was observed
at the ends of these loops.
PLA, polylactic acid.

(ABS and PLA), loop length (short, intermediate, and long),
and nominal layer height (0.2, 0.4, 0.6, 0.8, 1, and 1.2 mm).

Differences in the loading volume between solution (water
and vitrification), filament type (ABS and PLA), loop length
(short, intermediate, and long), layer height (0.2, 0.6, and
1.2mm), and loading method (pipetting and submersion)
were analyzed using a five-factor ANOVA.

Logistic regression (Proc Logistic) was used to analyze the
relationship between frozen film transparency (response
variable) and loop configuration (independent variable).
Submerged and pipetted loop classifications were combined,
but layer heights of 0.4, 0.8, and 1 mm were excluded from
the analyses to match the pipetted loop classification data.
Film classification numbers 0 (opaque) and 1 (translucent)
were grouped together and labeled as ‘“‘not transparent’;
thus, film transparency followed a binary distribution (0 =not
transparent, 1=transparent). Loop configuration included
filament type (ABS and PLA), loop length (short=0, inter-
mediate =1, and long=2), layer height (1=0.2, 3=0.6, and

6=1.2mm), and volume (min, max, and submerged). The
goodness-of-fit of the logistic regression model was assessed
by the Hosmer—-Lemeshow goodness-of-fit test.

For the submerged loading of loops, differences in film
failure rate and sample thaw time were analyzed using a three-
factor ANOVA (filament type, loop length, and layer height).
Differences in fill time, film failure rate, and sample thaw time
of pipetted loops were analyzed using a four-way ANOVA
(filament type, loop length, layer height, and volume).

Results
Print failure rate

Failure to print two successful replicates of each configuration
was significantly different between ABS and PLA (p<0.001)
(Table 1). Failure rate for ABS was 5% * 16% (mean £ SD) and
for PLA was 31% £25%. Slight variations in layer height and
width (~0.05 mm) were observed in replicates of printed objects
from each other or from the programmed sizes.

TABLE 1. FAILURE RATES TO PRINT TWO REPLICATES OF EACH CONFIGURATION
wITH Two FILAMENT TYPES (ABS AND PLA)

Short Intermediate Long

Number of layers ABS, % PLA, % ABS, % PLA, % ABS, % PLA, % Meant SD, %
1 0 60 0 50 0 33 24428

2 33 50 60 0 0 0 24+28

3 0 71 0 60 0 33 27+32

4 0 33 0 0 0 50 14+22

5 0 60 0 0 0 0 10£25

6 0 33 0 0 0 33 1117
Mean £ SD, % 6114 5216 10£25 18+29 010 25120

Configurations consisted of six nominal heights (0.2 mm/layer) and three lengths (short—15 mm, intermediate—19 mm, and long—

23.5mm).
ABS, acrylonitrile butadiene styrene; PLA, polylactic acid.
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Loading volumes by submersion and pipetting

Two replicates for each loop configuration were recorded
for a total of 198 samples (Fig. 4). The loading volumes were
significantly different between solution type, loop length,
layer height, and loading method (p <0.001), but filament
type was not significant (p=0.079). The volume averaged
across all configurations and both loading methods for vit-
rification solution was 7.2+4.4ul. and for water was
6.1 +4.6 uL. For loop length averaged across all layer heights
(1-6) and both loading methods, the mean volume was
5.5+3.8ul. for short, 6.4+4.3 ul. for intermediate, and
7.9+5.1 uL for long. For layer height averaged with all loop
lengths and both loading methods, the mean volume was
24+1.0uL for 0.2mm, 6.1£2.6ul. for 0.6mm, and
11.3£3.4uL for 1.2mm. For loading method averaged
across all configurations, the pipetted minimum volume was
4.6£2.5 uL, the pipetted maximum volume was 8.2+ 4.6 uL,
and the submerged volume was 6.4+5.0 uL.

Frozen film classification

Logistic regression of frozen film transparency for loop
configuration indicated that loop length ( p=0.044) and layer
height (p<0.001) were each significant, but filament type
(p=0.465) and volume (p=0.915) were not significant. This
suggested that as loop length increased, the probability
of vitrifying increased, and as layer height increased, the

20
15
FIG. 4. The mean pipetted 10
minimum (black bars), pi-
petted maximum (gray bars),
and submerged (white bars) 5
volumes of water (upper
graph) and vitrification solu- _
tion (lower graph) for dif- = [I:] [l]
ferent device configurations. " g
Filament type, loop length, g
and layer height are identi- 3 207
fied by two letters and one >°
number: the first letter indi-
cates filament type, P (PLA)
and A (ABS); the second let- 15+
ter indicates loop length, S
(short), I (intermediate), and L
(long); and the number indi-
cates layer height, 1 (single 10
layer), 3 (three layers), or 6
(six layers).
5_
J L

TIERSCH, CHILDRESS, AND TIERSCH

probability of vitrification decreased (Fig. 5). The Hosmer—
Lemeshow goodness-of-fit test (y*=3.75, d.f.=7, p=0.808)
showed good prediction of the logistic model.

Submerged loop characteristics

The processing times to load and freeze 144 samples
(Table 2) were recorded after every third sample (average
recorded time was 71£27s), due to the rapid processing of
submerged loops. Film failure after freezing was significantly
different between ABS and PLA (p=0.004) and among
layers (p=0.048), but there was no significant difference for
length (p=0.117). Mean film failure rate for ABS was 0%
and for PLA was 10% * 16%. Thawing time was affected
significantly by filament type (p<0.001), layer height
(p<0.001), and the interaction of loop length, layer height,
and filament type (p=0.016), but was not affected by loop
length (p=0.839) or the interaction of loop length and layer
height (p=0.969), loop length and filament type (p=0.254),
and filament type and layer height (p=0.124).

Pipetted loop characteristics

The time it took to pipette the maximum and minimum
volumes for individual vitrification devices was recorded for
a total of 72 samples (Table 3). Pipette filling times were
affected significantly by filament type (p =0.004), but not by
volume (p=0.391), loop length (p=0.081), or layer height

Loading
with
water

FA 0 0 A

Loading with
vitrification
_ solution

mﬂ‘ ﬂm‘ 1

PS1 AS1 PS3 AS3 PS6 AS6 PI1 A1 PI3 AI3 PI6 Al6 PL1 AL1 PL3 AL3 PL6 AL6

Device Configuration
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FIG. 5. Predicted proba-
bility of achieving vitrified
(clear) samples for sub-
merged and pipetted filling of
long (solid line), intermedi-
ate (long dashed line), and
short (short dashed line)
prototype  loops  plotted
against layer height. A prob-
ability of O represented opa-
que, 0.5 was translucent, and

1 was transparent (vitrified).

Layer Height (0.2 mm per layer)

(p=0.441). The mean filling time for ABS was 69.3t31.1s
and for PLA was 95.41+44.2s. There were no differences in
film failure rate among all variables. Thawing time was
significantly different among volumes (p=0.002) and layer
height (p <0.001), but not filament type (p=0.622) or loop
length (p=0.686). Mean thawing time for the minimum
volume was 3.9%1.1s and the maximum volume was
4.7+1.8s. For layer height, the mean thawing time was
2.810.5s for 0.2mm, 4.2+ 1 s for 0.6 mm, and 5.7+ 1.4 s for
1.2 mm.

Discussion

Vitrification encompasses a complex interplay of numer-
ous factors, including physical, biological, and practical.

Physical factors would include glass transition temperature
(TG), surface area-to-volume ratios, and heat transfer prop-
erties of materials. Biological factors would include toxicity
of cryoprotectants to cells, solution effects, and dehydration.
Practical factors would include cell concentrations relative to
sperm production, sperm-to-egg-ratios, and the number of
eggs per female. These represent a subset of the simulta-
neously interacting variables that would need to be balanced
against factors such as unit cost per device, and sample label-
ing, storage, shipping, and ease of thawing. As such, maximum
flexibility to prototype and test new configurations coupled
with inexpensive fabrication would be desirable features.
Currently, there are more than 25 devices and approaches
available for vitrification of mammalian embryos’ and would
theoretically be available for use with aquatic species

TABLE 2. SUBMERGED Loops OF Two FILAMENT TYPES (ABS AND PLA) RECEIVED
CLASSIFICATIONS OF VITRIFICATION QUALITY

Film failure Thaw time (s)*SD Classification
Length Layer ABS, % PLA, % ABS PLA ABS PLA
Short 1 0 20 34105 32103 2,2,2,2 1, 1,2, 1
2 0 0 3.7+£0.5 34104 1,1,2,1 2,2,2,2
3 0 20 39+0.7 39+0.5 1,2, 1,1 1,2,1,0
4 0 0 49+0.8 3.5+0.6 0,1,1,1 1,1,1,1
5 0 0 57+£1.3 47+1.1 0,1,0,0 0,0,0,0
6 0 0 52+1.0 53+£1.5 1,0, 1,0 1,1,0,0
Intermediate 1 0 20 3.3+0.7 3.0+0.5 2,2,2,2 2,2,2,2
2 0 0 3.710.6 3410.1 1,1,2,1 1,1,2,2
3 0 0 4.1+£04 3410.1 0,1,2,1 1,1,2,2
4 0 0 4.7+0.4 42+1.0 1,0, 1,1 1,2,2,0
5 0 0 5.7£1.0 43+0.6 0,1,1,0 0,1,1,1
6 0 0 6.4+2.0 4.71+0.3 0,0,0,0 0,0,0,0
Long 1 0 43 2.8+£0.3 35105 2,2,2,2 0,2,2,2
2 0 0 3.3x0.5 3.3+0.2 2,2,2,1 2,2,2,2
3 0 43 35103 3.810.6 2,2,2,1 2,1,1,2
4 0 0 43109 3.9+0.6 1,1,1,0 1,1,2,2
5 0 33 4.8+£0.6 5.6£1.0 0,1,0,0 0,0,0,0
6 0 0 6.7£1.2 43+0.6 0,0,0,0 0,0,0,0

Rates of film failures and average film thaw times for each configuration were calculated. Assigned classifications were determined by
transparency of frozen films (0—opaque, 1—translucent, and 2—transparent). Configurations consisted of six layer heights (0.2 mm/layer)
and three lengths (short—15 mm, intermediate—19 mm, long—23.5 mm).
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TABLE 3. PIPETTED MINIMUM (MIN) AND MAXIMUM (MAX) VOLUMES OF SELECTED LOOP PROTOTYPES IN TwoO
FiLAMENT TYPES (ABS AND PLA) RECEIVED CLASSIFICATIONS OF VITRIFICATION QUALITY

Fill time (s) Film failure (%) Thaw time (s)£SD Classification

Length Volume  Layers ABS PLA ABS PLA ABS PLA ABS PLA
Short Min 1 7618 10120 0 33 27102 33x1.5 1,2 1,2
3 40+ 14 90+32 0 0 4.8+0.1 3.8+1.7 0, 1 2,2

6 90x56 59+13 0 0 5.0£05 44+14 0,0 0,1

Max 1 61%13 49117 0 33 32+0.0 2.8+0.2 2,2 2,2

3 51+13 96126 0 0 5.0£0.2 4.4+£0.8 1,1 1,0

6 54+54 64123 0 0 62+19 72+£15 0,0 0, 1

Intermediate Min 1 63+24 124127 0 0 2.6+0.1 2.8+£0.0 2,2 2,2
3 5414 84+ 14 0 0 42105 3.4%00 1,1 2,2

6 51+£2 176+ 13 33 0 48+0.6 4.6%1.0 1,0 0,0

Max 1 83+17 144t44 0 0 27700 3.0%£09 2,2 2,2

3 43+11 99+74 0 0 44+1.1 39103 1,2 2,2

6 81+18 121182 0 0 7.6x+1.1 6.0+0.4 1,0 0,0

Long Min 1 70£5 68+23 0 0 2.6x0.1 3014 2,2 2,2
3 66+37 138%10 0 0 39+£0.5 3.1£0.1 0,1 1,2

6 124+ 69 81136 0 50 41+02 5207 1,1 1,2

Max 1 105142 99+44 0 0 2.6+03 2.7£0.7 2,2 2,2

3 80+37 52+11 0 0 5.1x1.1 6.1£0.0 1,0 0,1

6 59+4 7577 0 0 7.0£0.1 6.8+£1.0 0,0 0,0

Rates of film failures and average film thaw times for each configuration were calculated. Assigned classifications were determined by
transparency of frozen films (0—opaque, 1—translucent, and 2—transparent). Configurations consisted of three heights of layers (0.2 mm/
layer) and three lengths (short—15 mm, intermediate—19 mm, and long—23.5 mm).

vitrification. They range in unit cost from about $0.06 to $20
and cover a range of volumes and configurations (some
manufactured, others fabricated in the laboratory).

Currently, research on an application such as zebrafish
sperm vitrification would begin with a survey of the available
devices. This approach was used in a comprehensive baseline
project to develop generalized methods for aquatic species
vitrification,'® which ultimately focused on research of 10-uL
plastic bacteriological inoculation loops, and in a recent study
in freshwater and marine fishes.'' This latter study concluded
that Cryotops (a specific proprietary device used for human
embryos) were most successful for fish sperm (including
comparison to 10-uL inoculation loops). Cryotop devices
(www kitazato-dibimed.com) cost ~ $20 each and were used
for freezing 2 uL. of sample, features that would have limited
practicality for widespread application with aquatic species.

The use of 3D printing can produce devices that provide
comparable physical conditions to all the approaches above
at a cheaper per-unit cost, enables full customization of de-
vices to suit the exact needs of a particular application, and
can proceed directly from prototyping to fabrication on the
same machine. Successful designs or devices can be ex-
changed electronically by sharing of files that can be used to
print identical devices at multiple locations. This is clearly a
more useful and efficient approach than the currently avail-
able methods, which rely on hit-or-miss empirical survey of
devices designed for other uses in other taxa.

If we look at the previous example in practical terms, such
as if we chose to freeze a total of 1000 uL of sample (e.g.,
100 uL. each for 10 males), we would need 500 Cryotops
(2 uLL each) at a total cost of $10,000, or we could use 70 3D
printed devices (15 pL each) at a total material cost of >$1 (or
for the same total cost, produce ~ 800,000 3D printed vitri-
fication devices). In such a comparison, cost savings could be

used to purchase a 3D printer (at $250-$2,500) that could be
used to fabricate established devices, and to prototype and
customize new devices for vitrification or other cryobiological
applications. However, if instead of using Cryotops, we chose
to use the cheaper 10-ulL microbiological inoculation loops
(~$0.10 each), we would be presented with a hit-or-miss sit-
uation where they would either be effective or not for vitrifi-
cation. In addition, 3D printing enables not only customization
of the sample-containing structure (e.g., loop volume, material,
and configuration) greatly enhancing the potential for vitrifi-
cation success but would also enable customization of the rest
of the device, including handle geometry and intrinsic identi-
fication markings or other labeling.

There are at least 10 zebrafish vitrification studies published
over the past 20 years (Table 4). The studies were done for a
variety of purposes and addressed a range of tissues: ovarian
follicles, embryos, blastomeres, primordial germ cells, and fin
explants. As is typical for cryopreservation reports,'” it is
problematic to directly compare these studies because terms
are not standardized (e.g., ““survival” and ‘‘viability’’) and
details are not provided on practical features such as unit cost
per device. Surprisingly, we did not find published work on
zebrafish sperm vitrification, although the small sperm vol-
umes of these fishes coupled with the small egg numbers (100
or less) per female make them ideally suited for vitrification.

The devices used to conduct these studies were either not
specifically designed for aquatic species cryopreservation or
were handcrafted in the laboratory, which complicates ad-
vancement of zebrafish vitrification through the lack of pub-
lished information with relevant devices. To address these
drawbacks, the use of 3D printing technology presents a viable
platform to provide vitrification (and other cryopreservation
related) devices specifically designed for biomedical and other
aquatic species.
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TABLE 4. LITERATURE REVIEW OF PREVIOUS STUDIES USING VITRIFICATION WITH ZEBRAFISH
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Zhang and Rawson 1996'7  Embryos (12 and 27h) 0.25-mL French straw

?

~50% recovery

Nylon

Laboratory crafted Minimal

Fibreplug™
100-um mesh

PGC recovery from

Higaki er al.>**

$0.06
$5.50

No survival

0.25mL  Plastic

0.25-mL French straw Semen freezing

vitrified embryos

Stage III ovarian

Godoy et al.*®

No survival

Proprietary

0.5 uL.

Vitrification

CryoLogic hook

fibreplug
Two-piece, custom-built

follicles

<38% survival

Stainless steel

Minimal

Vitrification

Ovarian follicles

Marques et al.*®

chambers

(five stages)
The studies were performed for a variety of purposes with various devices, most not designed for use with zebrafish. These devices were made with a variety of materials and yielded a range

of results that were often difficult to compare on the basis of cost per device.
4Survival assessments based on observations made at >24 h after thawin

b

g.

Unit cost per device based on smallest pack sizes (pk.) available from commercial suppliers.

PGC, primordial germ cells.
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Design of prototype vitrification loops
with varied dimensions

The design of versatile devices presents a system of trade-
offs in functionality and physical attributes, and the produc-
tion of functional, convenient, and sturdy devices requires
balancing of vitrification performance with user capabilities.
The prototype loops designed in this study were within the
diameter of standard 0.5-mL French straws, thus constraining
the loops into an elliptical shape. This major constraint pro-
vided the advantages of traditional storage methods, and
triangular handles aided spacing and compact storage within
standard plastic goblets. Vitrification typically requires small
(uL) volumes and our prototype loops were designed to ad-
dress this range (i.e., 1-19 uL.), balancing sample volume
against the insulation created by thermoplastic mass.

Printing of prototype loops for testing

Previous work in 3D printing of freezing devices has
shown PLA to be especially suited for cryogenic applica-
tions,® and this report identifies ABS as also being suitable.
These thermoplastics did not change shape or lose structural
integrity” when plunged into liquid nitrogen or after thawing.
Other thermoplastic filament materials are available for 3D
printing, but are not as commonly used as PLA and ABS, and
the cryogenic responses of those materials in printed form
should be evaluated. In this study, the PLA filament had
a higher failure rate when printing vitrification devices
(Table 1) under the conditions we used. Devices printed with
longer and taller loops (five or more layers, intermediate to
long lengths) proved easiest to print. Failed prints occurred
most frequently when the printer head attempted to connect
the initial layers of the loop to the neck.

Humidity levels can play a factor in the success of 3D
printing, and increased humidity can reduce the ability of fila-
ment to extrude evenly, so the layers can become misplaced on
the build plate.'® Despite the use of a room dehumidifier, hu-
midity levels may have still been a factor. The MakerBot Re-
plicator 2X printer has a heated building plate, which supports
the extrusion process. This may have provided an advantage for
the devices printed with ABS over those printed with PLA.

Another inherent feature of the printing process is the
slight variation (~0.05 mm) in layer height and width that is
sometimes encountered when printing repeated objects, or as
a departure from programmed sizes. These variations are
relatively less important as the size of a printed object in-
creases, and can be addressed by control measures, including
use of high quality filament, proper maintenance and training,
and higher resolution (i.e., more expensive) 3D printers and
settings. This variation did not affect the overall results of this
study of prototype loops, but should be considered a quality
control checkpoint within a quality assurance program for
cryopreservation activities, and would be of greater concern
when using very thin or short loops or devices.

Evaluation of loading methods

The method used to load devices can affect the throughput
and reliability of vitrification. Submersion was the more ef-
ficient method of loading, but it yielded a less consistent
range of volumes compared to pipetting. Devices loaded by
pipetting would thus have more consistent film volumes with
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less film failures. The wetting properties of plastic filament
types are used to describe the interaction between plastic and
liquid. Engineers use contact angle to quantify the relation-
ship of a droplet to a surface; contact angles can be used to
describe a material as being hydrophilic (contact angles
<90°) or hydrophobic (contact angles >90°).'* Pure ABS and
PLA materials each have good wetting ability (generally
hydrophilic), while ABS is slightly more hydrophobic.'>"'¢
This may account for the data presented showing ABS with a
lower frequency of film failures, but thermoplastic filaments
contain a variety of other materials such as pigments and
plasticizer agents that can affect wetting characteristics.

The availability of alternative methods of loading provides
flexibility for experimentation, as each loading method of-
fered different weaknesses and advantages. Pipetting allowed
higher levels of reproducibility and accuracy when measur-
ing the volume capacities of loops (such as would be done for
quality control and reporting of data). Pipetting of deionized
water into loops offers a precise measurement of liquid vol-
ume that could be used universally, lending itself to stan-
dardization of loop characterization and for international
research. Submersion was easily the more efficient method of
loading, and could minimize the time gametes are exposed to
toxic vitrification solutions. Films formed through submer-
sion typically yielded volumes somewhere between the pi-
petted maximum and minimum volumes. Submersion also
enhanced throughput, while requiring less training and effort,
making it a practical method of loading with time constraints,
and would probably be most useful for application of vitri-
fication, especially under field conditions.

Classification of vitrification quality

Most of the prototype vitrification loops tested in these
studies provided vitrification at least once with one loading
method; this clearly demonstrates the feasibility of using 3D
printed vitrification loops in these size ranges and configu-
rations. Currently available vitrification devices offer little
diversity of volume capacity in loops, but 3D printing allows
a user to print custom ranges of loop sizes and shapes. 3D
printing offers an approach to customize ideal configurations
of vitrification devices, with rapid design, prototyping, and
testing, dependent upon the variables encountered when
freezing. These configurations could be standardized within
user groups to provide quality control and a consistent basis
for comparison of published results.

Major factors that affected vitrification performance were
loop volume and configuration. Increased volumes presum-
ably required more time to freeze, which allowed ice crys-
tallization to occur. Taller loops insulated the solution and
diminished the ability to transfer heat effectively. Typically,
loop configurations that held larger volumes tended to yield
lower vitrification quality, compared to films holding smaller
volumes. Configurations that paired the attributes of thin (one
to three layers) and long loops tended to most consistently
yield vitrification. The filament type did not significantly
affect the frozen film quality or thaw times.

These studies demonstrate the potential for 3D printing to
provide a ready means to both innovate and standardize
methods of cryopreservation for aquatic species. Most vitri-
fication devices currently available are designed for specific
tasks unrelated to aquatic species, or have features that reduce
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vitrification quality. Combining 3D printing with cryopres-
ervation can resolve many of the drawbacks that characterize
devices currently available.” Diverse user groups would be
able to optimize experimentation to their specifications. Files
containing specific devices can be shared electronically, thus
supporting development of connected communities formed
internationally through social media.® Future studies would
involve design and selection of optimized devices for bio-
logical testing of vitrification using samples such as sperm,
and design of more sophisticated self-contained, and readily
labeled, 3D printed vitrification devices.

Continued use of the empirical survey approach of available
vitrification devices greatly hinders research by limiting ex-
perimental options for study of main effects (e.g., testing across
a range of values for single or multiple variables), and only
allows single comparisons of “‘one-off” devices or methods,
constraining development of a mechanistic understanding of
phenomena relevant to vitrification. For example, what is the
effect of sample volume on vitrification success? This is a
study not easily performed with a device only available with a
set 10-uL volume. Such an approach would also not allow the
study of the effects of loop shape on the stability of thin films
during freezing, or the insulating effects of loop material on
glass formation.

Each of these questions could be evaluated and optimized
through 3D printing of a graduated series of devices for
testing, and can be coupled or assisted by use of numerical
modeling for design and mechanism elucidation. None of this
core scientific activity is possible through surveying devices
only available “‘off the shelf,”” and it significantly limits
options for application due to a lack of customization ability.
Fabrication by 3D printing provides a technology platform
that will allow the development of thousands of options for
cryobiological work to proceed along a trajectory of inno-
vation to customization to standardization. Initially, in this
specific case, 3D printed devices can be developed to vitrify
any tissue or cell type. These prototypes can be rapidly tested,
optimized, and customized. With acceptance throughout user
communities, particular devices can be standardized for
functional considerations (e.g., volumes and geometry) and
for features such as labeling, storage, and price. Indeed, it
may be useful when evaluating vitrification devices in the
future to include comparisons made on the basis of unit cost
(e.g., per uL) of vitrified sample.
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